From a glycoproteomic perspective, the unambiguous localization of O-linked oligosaccharide attachment sites is fraught with analytical obstacles. Because no consensus protein sequence exists for O-glycosylation, there is potential for glycan attachment at numerous serine and threonine residues of a given protein. The well-established tendency for O-glycan attachment to occur within serine and threonine rich domains adds further complication to site-specific assignment of mucin-type glycosylation. In addition to the complexities contributed by the polypeptide chain, the O-linked carbohydrate modifications themselves are exceedingly diverse in both compositional and structural terms. This work is aimed at contributing an improved fundamental understanding of the chemistry that dictates dissociation of O-glycopeptide ions during tandem mass spectrometry (MS/MS). Infrared multiphoton dissociation (IRMPD) has been applied to an assortment of O-linked glycopeptide ions encompassing various compositions and charge states. Protonated O-glycopeptides were found to undergo a combination of glycosidic bond cleavage (complete coverage) and peptide bond cleavage (partial coverage). In contrast to previous observations of N-linked glycopeptide dissociation, the sodiated O-glycopeptides did not yield significantly different information as compared to the corresponding protonated ions. IRMPD of deprotonated O-glycosylated peptides provided informative side chain losses from nonglycosylated serine and threonine residues, which indirectly implicated sites of glycan attachment. In this manner, the combination of positive mode and negative mode MS/MS was found to provide conclusive assignment of O-glycosites.
Introduction
To further understand the various biological roles of proteins, it is essential to characterize their post-translational modifications (PTMs) and determine the influence of these modifications on function. Glycosylation is one of the most common PTMs and affects more than 50% of proteins. 1 Unlike other PTMs, specific molecular details on the interplay between glycosylation and protein function are only beginning to be revealed on a protein specific basis. [2] [3] [4] [5] The relatively poor understanding of structure-function relationships involving protein glycosylation is largely attributable to a dearth of analytical capability for investigation of glycosylation in both a high-throughput and site-specific manner.
In recent years, site-specific glycosylation analysis using mass spectrometry (MS) has seen important methodological advancement; however, most of this work has been directed at N-linked glycoproteins. [6] [7] [8] [9] [10] The site-specific investigation of O-linked glycosylation has seen far less progress due to additional complications not shared by N-linked glycosylation.
For example, N-linked glycans are attached only to asparagine residues which occur in the context of a specific consensus sequence, whereas O-linked glycosylation can potentially occur at any serine or threonine residue. In addition, all N-linked glycans share a common core structure, whereas eight core structures exist for O-linked glycans. Several of these O-linked cores may be present on a single protein. 11 Another confounding characteristic of O-glycosylation is the tendency of this modification to occur within domains rich in serine, threonine, alanine, and proline. 12 The presence of multiple flanking serine and threonine residues can introduce significant complications in assigning O-glycan modification to a specific site.
Standard methods for the investigation of site-specific glycosylation involve digestion of the glycoprotein with a specific enzyme such as trypsin followed by MS analysis of the peptide and glycopeptide mixture. This method has proven somewhat useful for determining sites of N-linked glycosylation; however, this approach is far less suitable for the analysis of O-linked glycosylation. Again, O-linked oligosaccharide modification usually occurs in serine, threonine, alanine, and proline rich regions which are often void of the lysine and arginine residues necessary for tryptic cleavage. Moreover, glycosylation confers protease resistance to nearby peptide bonds, thus resulting in O-glycopeptides that can contain greater than 35 amino acid residues. [13] [14] [15] [16] To identify sites of glycosylation on such glycopeptides, tandem mass spectrometry (MS/MS) with very high peptide sequence coverage is essential.
Recently, the use of a protease mixture called Pronase has been illustrated for site-specific glycosylation analysis of both N-and O-linked glycoproteins. 17 This method takes advantage of the nonspecific nature of Pronase to hydrolyze essentially every peptide bond of a protein, except for those around the site of glycosylation. This process eliminates nonglycosylated peptides which otherwise could prevent the detection of the lower abundance and less efficiently ionized glycopeptides. The length of the peptide tag, or "footprint," around the glycosylation site has also been shown to be tunable (2-10 amino acid residues) via alteration of digestion time. This allows preparation of shorter glycosylated peptides harboring fewer potential glycosylation sites as compared to large tryptic glycopeptides. This approach has proven very useful for preparation of informative glycopeptides; however, there are often numerous potential glycopeptide compositions that correspond to a given mass spectral signal. This is especially true for larger glycopeptides such as those formed via specific proteolysis. 18, 19 Because of the vast number of theoretical glycopeptides, conflicting glycopeptide assignments may occur even for very accurately measured glycopeptide masses.
Even with the advantages of Pronase digestion, there is still a great need for MS/MS analysis in order to confirm glycopeptide composition and more importantly characterize sites of glycosylation. 20 Glycoproteomic site characterization should both identify the protein and localize the attached glycans to their respective sites on that protein. It has been illustrated that low energy collision-induced dissociation (CID) or infrared multiphoton dissociation (IRMPD) of multiply charged glycopeptide ions mainly results in glycosidic bond fragmentation. 20, 21 By contrast, electron capture dissociation (ECD) or electron transfer dissociation (ETD) primarily induce fragmentation at peptide bonds. 21, 22 Fragmentation of N-linked glycopeptide ions via IRMPD has recently been illustrated to have high dependence upon charge carrier, charge state, and overall glycopeptide composition with both glycosidic and peptide backbone cleavages being accessible depending on the chemistry of a given precursor ion. 10 Early studies of O-linked glycopeptide fragmentation were conducted by Medzihradszky et al. utilizing high energy CID of BOC-Tyr derivatized glycopeptides. 23 Other synthetic or modified O-linked glycopeptides have also been investigated via post source decay and more recently with CID and ECD. [24] [25] [26] [27] ECD has proven to be a useful method for the localization of glycosylation sites, but in the majority of these analyses, sialic acid residues were removed to enhance ECD efficiency. This practice precludes the site-specific assignment of glycans containing sialic acid residues. Marshall and coworkers also recently showed that both ECD and activated ion ECD (AI-ECD) of a 16 amino acid O-linked glycopeptide resulted in the predominant loss of the sugar residues with no peptide backbone cleavages observed; however, a glycopeptide with 38 amino acid residues yielded up to 50% peptide sequence coverage.
14 On the basis of these studies and others, it has become apparent that the dissociation chemistries of glycosylated peptide ions are sufficiently complex to prevent a simplistic generalization of their fragmentation behavior. Nonetheless, it should be possible to exploit the rich and varied fragmentation chemistry of glycopeptide ions to obtain more informative MS/MS data. A detailed understanding of these dissociation pathways will be essential for the further advancement of MSbased glycoproteomics. This is especially true of O-glycoproteomics, which encompasses a greater diversity of carbohydrate structures and compositions, and involves glycosylation at relatively unpredictable sites. This work strives to address the need for an improved fundamental understanding of O-linked glycopeptide fragmentation, especially with regard to those glycopeptides obtained via Pronase digestion.
Experimental Section
Materials and Reagents. Bovine fetuin A (BF; Swiss-Prot accession number P12763) was purchased from CalBiochem (San Diego, CA). Bovine kappa-casein (κ-CN; Swiss-Prot accession number P02668), Pronase E, ammonium acetate, ethanolamine, hydrochloric acid, formic acid, ammonium acetate, and cyanogen bromide activated sepharose 4B beads (average particle diameter, 90 µm) were obtained from SigmaAldrich (St. Louis, MO). All other reagents were of analytical grade or higher.
Glycoprotein Digestion. Pronase E was immobilized on sepharose beads following a modified procedure originally described by Clowers et al. 17 In short, 150 mg of cyanogen bromide activated sepharose beads was hydrated with HCl (1 mM), rinsed with phosphate buffer (100 mM, pH 7.4), combined with Pronase (1 mg), and allowed to couple for 2 h. The remaining active sites on the sepharose beads were then blocked with ethanolamine (1 M, pH 9.0), and rinsed with ammonium acetate buffer (100 mM, pH 7.4). The Pronase beads were then stored in ammonium acetate buffer with sodium azide (0.05%) at 4°C until needed. Stock glycoprotein solutions were prepared at a concentration of 50 µM in ammonium acetate buffer. For nonspecific proteolysis, the glycoprotein stock solution (100 µL) and fresh ammonium acetate buffer (200 µL) were added to the Pronase-coupled beads after washing with fresh ammonium acetate to remove the sodium azide. The digestion was allowed to proceed at 37°C with gentle mixing. The supernatant was sampled at multiple time points ranging from 90 min to 24 h in order to obtain glycopeptides with varying peptide lengths. To avoid the transfer of any Pronase-immobilized beads, the digestion solution was centrifuged before sampling the supernatant. Glycopeptide solutions were then analyzed immediately or stored at -20°C prior to analysis.
No sample cleanup was performed on the digestion supernatants; instead, they were diluted into an electrospray-compatible solvent system for direct MS analysis. All digests were diluted at least 10-fold to a final composition of 50% aqueous acetonitrile buffered with either formic acid (0.1%, pH 3.5) or ammonium acetate (1.0 mM, pH 7.4), depending on the desired precursor ion and/or polarity of mass spectral analysis. Multiple ionic forms of each glycopeptide were observed with each buffer system; however, the lower pH solutions favored the formation of protonated species while the higher pH solutions favored the formation of sodiated species. After removal of the supernatant, the Pronase-coupled beads were washed and stored for future digestions.
Instrumentation and Analysis. Mass spectral analyses were performed using a 9.4 T Fourier transform ion cyclotron resonance mass spectrometer (IonSpec QFT, Lake Forest, CA) research articles
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equipped with a Picoview nano-ESI stage (New Objective, Woburn, MA). Samples were introduced via a 1.0 µL full loop injection using a NanoLC-1D microfluidic pump and injector port (Eksigent Technologies, Dublin, CA), or via direct infusion using a syringe pump. In both cases, flow rates of 100 nL/min were applied. The infused solutions were charged via a liquid junction immediately before the nanoelectrospray tip and held at (1500-2000 V with respect to the sample cone interface. Ions entered the system through a 390 µm aperture and were externally accumulated in a RF-only storage hexapole for up to 5 s prior to injection into the ICR cell.
Individual glycopeptide ions were selected within the ICR cell using stored-waveform inverse Fourier transform (SWIFT) isolation prior to infrared multiphoton dissociation (IRMPD). For IRMPD experiments, the infrared radiation was supplied by a 10.6 µm, 20 W CO 2 laser (Parallax Laser, Inc., Waltham, MA). The infrared laser beam was expanded to a diameter of 0.5 cm with an inline beam expander (Synrad Laser, Mukilteo, WA) to ensure the isolated ion cloud received maximum exposure during each infrared laser pulse. The fragmentation was optimized by varying the IRMPD laser pulse between 500 and 1500 ms. Irradiation time was increased until the majority of the precursor ion was dissociated. Up to 50 mass spectral scans were acquired and averaged to enhance signal-to-noise ratio. Spectra were externally calibrated using the IonSpec Omega data station. The m/z error threshold used for all glycopeptide and fragment ion assignments was 10 ppm.
Results and Discussion
Multiple O-linked glycopeptides were produced via the digestion of κ-CN and BF with immobilized Pronase. κ-CN is a well-characterized protein that is known to contain five glycosylation sites. Glycosylation at these sites has recently been shown to occur in a mostly ordered fashion, with only T 152 occupied in the singly glycosylated glycoform, T 163 16, 23, 29, 30 The N-linked glycans are large, complex type, multiply sialylated di-or triantennary glycans, whereas the O-linked glycans are a mixture of core 1 and core 2 types. Because of the nonspecific nature of Pronase digestion, glycopeptides containing between four and eight amino acid residues were formed by modulating the digestion time. The nomenclature for glycopeptide fragmentation used here follows the conventions of Roepstorff and Fohlman for peptide cleavages, and the conventions of Domon and Costello for glycan cleavages. 31, 32 For differentiation between peptide and glycan fragments, all peptide fragments are marked in lower case letters and all glycan fragments are marked in upper case letters. The monosaccharides are represented in the figures according to the symbolic nomenclature of the Consortium for Functional Glycomics (http://glycomics.scripps.edu/CFGnomenclature.pdf). According to this scheme, the following monosaccharides are indicated by the following respective symbols: galactose (Gal), yellow circle; mannose (Man), green circle; N-acetylgalactosamine (GalNAc), yellow square; N-acetylglucosamine (GlcNAc), blue square; and N-acetyIneuraminic acid (NeuAc), purple diamond. In the tables, the more general monosaccharide abbreviations Hex (hexose) and HexNAc (Nacetylhexosamine) are used for simplicity.
Protonated O-Linked Glycopeptides. Upon investigation of multiple O-linked glycopeptide ions with IRMPD, it was observed that the charge carrier greatly affected their fragmentation behavior. This result was not unexpected, as similar dependence on both charge state and charge carrier was previously demonstrated for N-linked glycopeptides ions. 
however, due to the presence of m/z 495.26 and 871.38, it is clear that there is a sialic residue linked to the HexNAc with the other NeuAc residing on the hexose. After these losses, the remaining glycosidic bonds fragmented in a sequential manner to yield the protonated peptide. The peptide then further dissociated, allowing confirmation of the amino acid composition and sequence. The location of the glycosylation site in this case remained ambiguous due the lack of peptide fragmentation prior to glycan loss.
The IRMPD mass spectra for the protonated glycopeptides PTST + Hex 1 HexNAc 1 NeuAc 2 and GEPTSTPT + Hex 1 HexNAc 1 NeuAc 2 are shown in Figure 2A and 3A, respectively. In a parallel manner to the previous example, these glycopeptides first lost the labile sialic acid residues; however, unlike the previous example, the entire glycan was not lost from the peptide prior to the cleavage of peptide bonds. The fragment ion at m/z 489.22, which was very abundant in both spectra, corresponds to PTS + HexNAc. This fragment narrows down the site of glycosylation to either the remaining serine or threonine residue. The site was conclusively assigned based on additional information gained from the negative mode spectrum (as will be discussed below). Complete sequence coverage of the short peptide PTST was obtained as shown in Figure 2A . The glycopeptide GEPTSTPT + Hex 1 HexNAc 1 NeuAc 2 had several abundant peptide fragment ions, including y 6 and b 6 which both occur N-terminal to proline residues with one also C-terminal to a glutamic acid residue ( Figure 3A ). These were expected to be major product ions due to the wellknown "proline effect" and "aspartic acid effect." 33 These fragmentation effects lead to the assignment of the before mentioned ion m/z 489.22. On the basis of accurate mass, this ion could have been assigned to PTS + HexNAc or STP + HexNAc; however, due to the proline effect, the observation of STP + HexNAc is highly unlikely since cleavage N-terminal to proline is much more labile than both of the cleavages that would lead to this product ion.
A core 2 type glycan occurring on the protonated glycopeptide GPTPSA + Hex 2 HexNAc 2 NeuAc 2 derived from BF fragmented in a similar manner to the core 1 glycan containing glycopeptides previously discussed ( Figure 4A ). The core structure was confirmed by m/z 935.42, which corresponded to the intact peptide connected to two HexNAc residues. This ion was complemented by two fragment ions at m/z 713.26 and 551.21, both of which contain two HexNAc residues after release from the peptide backbone indicating that this was a single glycan moiety with HexNAc to HexNAc connectivity. The peptide moiety of this glycopeptide dissociated to yield b 3 and y 3 fragment ions, both of which were N-terminal to proline residues. This glycopeptide had the lowest peptide sequence coverage of all the glycopeptides investigated. Table 1 summarizes the fragmentation spectra of 12 distinct glycopeptide ions derived form BF and κ-CN in the protonated form, including the four specific cases detailed above. The glycosidic bond cleavages were not listed in the table because all of these glycopeptide ions dissociated to yield a complete series of either B or Y ions, which was sufficient to verify connectivity (but not linkage). The glycopeptides exhibited differing amounts of peptide fragmentation, with some yielding 100% sequence coverage and others only 20% (53% on average). Since these are relatively small peptide moieties, it is more likely that the site can be determined despite mediocre sequence coverage. This is an important contrast to glycopeptides with large peptide moieties containing many potential glycosites, which would require very high sequence coverage for site localization. Another notable feature was tendency of the peptide moiety to act as the more dominant charge carrier, as the majority of the fragments contained the peptide portion of the molecule while comparatively few fragments only contained the glycan. A multiply glycosylated glycopeptide ion GEPTSTPT + (Hex 1 HexNAc 1 NeuAc) 2 was found to fragment in a manner similar to the singly glycosylated variant. No additional peptide fragment ions were observed for this glycopeptide; however, another series of glycan fragments was observed due to the additional glycan moiety. All fragment ions observed below m/z 1175 were identical to those shown in Figure 3A . Figure 1B ). After these neutral losses of the two sialic acid residues, low-abundance fragments were observed for both the sodiated peptide, m/z 399.19, and the sodiated glycan void of sialic acid residues, m/z 388.12 (Hex 1 HexNAc 1 ). This was the only sodiated O-glycopeptide that was found to dissociate in a manner that yielded a glycan only fragment. The sodium coordinated glycopeptide The fragmentation of sodium coordinated GEPTSTPT + Hex 1 HexNAc 1 NeuAc 2 was found to closely mimic the behavior of the other sodiated glycopeptides analyzed, with the loss of the two sialic residues yielding the most abundant fragment ( Figure  3B ). The y 6 peptide cleavage was also observed in multiple product ions (i.e., in combination with various glycan losses) due to the labile cleavage of the peptide between the glutamic acid and proline residues. The intact peptide was observed at m/z 811.35, as was the y 6 ion at m/z 625.29. The IRMPD mass spectrum for the sodium coordinated glycopeptide ion GPTPSA + Hex 2 HexNAc 2 NeuAc 2 showed dissociation exclusively along glycosidic bonds, with the desialylated glycopeptide, m/z 1281.51, being the most abundant fragment ion ( Figure 4B ). Since this glycopeptide contained the larger core 2 type glycan, it was predicted that the glycan moiety or some part thereof would be a favored product ion due to the increased ability of a large glycan to coordinate with sodium. In practice, this glycopeptide behaved in a parallel manner to the other Olinked glycopeptides discussed, as well as the additional examples listed in Table 2 . In general, the sodium coordinated O-glycopeptide ions fragmented almost exclusively along glycosidic bonds, with the desialylated glycopeptide being the most abundant fragment. Sodiated peptide moieties were present to a lesser extent; hence, no additional information was gained by dissociation of sodiated precursor ions as compared to the protonated precursor ions.
Although the fragmentation behavior of the sodium coordinated O-linked glycopeptides was distinct from that of the protonated forms, the difference in dissociation character was not as dramatic as that recently observed by Lebrilla and coworkers for N-linked glycopeptide ions. 10 In that work, the N-linked chitobiose core cleavage was the dominant fragment in both ionic forms; however, in the protonated form, the peptide + GlcNAc was observed while the glycan -GlcNAc was observed in the sodium coordinated form. Unlike the N-linked glycopeptides, the sodium coordinated O-linked glycopeptides investigated in this study did not exhibit a large number of glycan only fragments. This difference is proposed to be a result of two effects. First, O-glycopeptides lack the labile chitobiose core, which easily divides the molecule in the N-linked case. Second, the smaller O-glycans appear less capable to coordinate solely with the smaller glycan moiety. Thus, part of the peptide moiety is required for stable multidentate coordination of sodium. As a result, facile separation of the glycan and peptide moieties is impeded. Deprotonated O-Linked Glycopeptides. Upon investigation of the deprotonated glycopeptide ions, it was observed that this ionic form dissociated more readily, requiring on average 75% of the irradiation time when compared to both the protonated and sodiated forms. When subjected to IRMPD, the deprotonated glycopeptide STVA + Hex 1 HexNAc 1 NeuAc 2 was found to dissociate exclusively along glycosidic bonds, with the desialylated glycopeptide as the most abundant fragment at m/z 740.32 ( Figure 1C ). Deprotonated NeuAc, m/z 290.09, was also observed in addition to other glycan only fragments at m/z 493.17 and m/z 673.24. The fragments containing NeuAc were anticipated to be more abundant due to their acidic nature and previously observed trends for sialic acid containing oligosaccharides. 34, 35 These results indicate that the peptide moiety, with the acidic C-terminus, can effectively compete with sialic acid as the charge carrier in negative mode.
The deprotonated form of PTST + Hex 1 HexNAc 1 NeuAc 2 replicated the behavior of the previous example, yielding the desailylated glycopeptide, m/z 768.31, and the glycan moiety fragment ions at m/z 290.09, m/z 493.17, and m/z 655.22 ( Figure 2C) . Moreover, the presence of two peptide side chain cleavages for threonine and serine add substantial site-specific information to that obtained in the positive ion mode. From all of the peptide containing fragment ions, the loss of 44.03 Da was also observed. In one case, this loss was combined with the loss of 30.01 Da for a total loss of 74.04 Da. These losses have previously been described to dominate deprotonated peptide spectra, and correspond to side chain losses with 44.03 and 30.01 Da corresponding to the loss of C 2 H 4 O and CH 2 O from the side chains of threonine and serine, respectively. 36 Each native, nonglycosylated threonine residue was found to yield an abundant side chain loss (Table 3) . Because of the high fidelity of threonine side chain fragmentation, it was possible a Asterisks appear after glycosylated residues.
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to both identify the number of nonglycosylated threonine residues and hence localize the site of glycosylation to either serine or threonine. For example, PTST + Hex 1 HexNAc 1 NeuAc 2 yielded only one threonine side chain loss, thus providing evidence for glycosylation at one of the threonine residues but not the serine residue. The information gained from the presence or absence of the side chain cleavage of serine could also be used to confirm the assignment. The knowledge that the glycan occupied a threonine residue combined with the information obtained from the positive mode spectra allowed the site of glycosylation to be conclusively assigned to the threonine C-terminal to proline. The lack of threonine side chain loss for the glycopeptide STVA + Hex 1 HexNAc 1 NeuAc 2 was also used to assign the glycan to the threonine residue ( Figure 1C ). The utility of side chain losses was further illustrated upon investigation of the doubly deprotonated glycopeptide GEPTSTPT + Hex 1 HexNAc 1 NeuAc 2 ( Figure 3C ). Two threonine side chain losses were clearly present and were observed in multiple series together with a single threonine side chain loss. Once again, this information localized the site of glycosylation to a threonine residue, and when combined with information from the protonated spectra ( Figure 3A) , the site was unambiguously assigned. The majority of the fragment ions including the side chain losses were observed in the charge reduced form due to the loss of the labile sialic acid residues. The y 6 ion corresponding to the loss of GE was observed as it was in both the protonated and sodium coordinated spectra. The core 2 type glycopeptide GPTPSA + Hex 2 HexNAc 2 NeuAc 2 was also investigated as a deprotonated ion ( Figure 4C ). This glycopeptide also fragmented mainly along glycosidic bonds with the majority of the fragment ions containing the intact peptide moiety. Some peptide fragments ions were observed including the loss of glycine and deprotonated PT at m/z 197.06 both of which were due to cleavages N-terminal to proline.
37
N-Linked Glycopeptides Containing NeuAc. For comparison, an N-linked glycopeptide containing multiple sialic acid residues was investigated. The doubly charged protonated and sodium coordinated N-linked glycopeptide SNGS + Hex 6 HexNAc 5 NeuAc 4 derived from BF was subjected to IRMPD ( Figure 5A ). From the doubly charged precursor, the loss of four sialic acid residues was observed sequentially at m/z 1624.07, m/z 1478.52, m/z 1332.97, and m/z 1187.42. After the loss of these labile residues, the rest of the glycan was cleaved in a charge reduced state. The larger glycan fragment ions were sodium coordinated, while the peptide containing fragments were mainly protonated. The most abundant fragment ion at m/z 915.30 was the result of chitobiose core cleavage combined with the loss of glycan antennae. The complement to this cleavage, the peptide moiety plus HexNAc, was also observed except with a proton as the charge carrier. This further demonstrates the lability of the chitobiose core and the preferred charge carriers for both the glycan and peptide moieties.
The triply deprotonated IRMPD mass spectra for this same glycopeptide is presented in Figure 5B 1238.94, and m/z 1137.39. The neutral losses of 30.01 and 60.02 Da were observed, which arise from two sequential serine side chain losses. These side chain losses complement the assignment of the N-glycopeptide; however, they do not assist in the assignment of the glycosylation site since N-glycans only occur at specific glycosylation motifs which do not involve the modification of serine or threonine side chains. The only other fragment ion series observed corresponded to the deprotonated intact antennae down to the deprotonated NeuAc residue. These results further indicate that N-linked and O-linked glycopeptides fragment with distinct behaviors, and that this distinction is not solely due to the presence of labile and anionic sialic acid residues on the O-glycopeptides.
Conclusions
The characterization of O-linked glycosylation sites has lagged behind the characterization of N-linked glycosites due to the increased complexity inherent to O-linked glycosylation. The lack of a consensus sequence and the large number of serine and threonine residues present in O-glycosylated regions of proteins contribute a complicated problem. The utilization of specific enzymes such as trypsin does not alleviate these complications due the large tryptic peptides produced in these regions (greater than 40 amino acid residues is not uncommon). Such large glycopeptides with so many potential glycosylation sites necessitates almost complete peptide sequence coverage to identify glycosylation sites.
The use of nonspecific proteolysis combined with low energy tandem mass spectrometry has been illustrated to simplify this complex problem. Nonspecific proteolysis affords the tunability of peptide footprints around each glycosylation site, thus, allowing for the creation of smaller and more manageable glycopeptides with reduced numbers of potential glycosylation sites. IRMPD of the deprotonated form of O-glycopeptides has been shown to produce informative side chain cleavages from unoccupied serine and threonine residues, allowing determination of whether a serine or threonine residue is glycosylated. Uniting this information with the sequence coverage produced via IRMPD of the protonated glycopeptide leads to unambiguous site identification. These dissociation chemistries inherent to O-glycopeptide ions have also been observed via CID and should be transferable for use on an LC time scale.
